Introduction
Dating back to Newton's lucid explanation of the tidal force in his Principia Mathematica [Newton, 1687] , the response of the atmosphere, oceans, and Earth's crust to the time-varying gravitational force acting on our planet has stimulated human curiosity. A classic example is the lunar semidiurnal atmospheric tide (L2) caused by the attraction of the Moon's gravitational field as it rotates around the Earth. Despite its small amplitude, L2 is of interest to theorists because the forcing of gravity is completely known and relatively simple, and to General Circulation Model (GCM) research community because they can use the L2 signal to test their models. L2 is of particular importance to the aeronomy community because of its influence on the equatorial electrojet [e.g., Pedatella et al., 2014] .
The monograph Lindzen and Chapman [1969] provides a comprehensive review of the observational and theoretical literature on atmospheric tides up to that time. The determination of L2 amplitude and phase has been the subject of a sequence of investigations dating back to the midnineteenth century [e.g., Sabine, 1847; Elliot, 1852] , and continuing with the more recent studies of Bartels [1927] , Haurwitz and Cowley [1969] , and Goulter [2005] . However, because of the interference with the day-to-day variability associated with migrating weather systems, it is difficult to isolate the pure lunar tidal signal in station data, and therefore a definitive picture of the height-dependent global distribution of L2 amplitude and phase in the lower atmosphere has not yet emerged.
Data and Methods
In this paper the structure of the L2 tidal signal as manifested in the geopotential height (Z) field, which we refer to as L2(Z), in the lower atmosphere (surface to 50 km) is documented. For this purpose we make use of a 33 year record of a 4 times daily, global geopotential data set produced by the European Center for Medium Range Weather Forecasting (ECMWF). The data are generated using a multivariate four-dimensional (space/time) data assimilation scheme in which gridded forecast fields derived from a state of the art numerical weather prediction model are continually being updated with current observational data from sensors carried aboard satellites (mostly radiances), radiosonde balloons (winds, temperatures, and humidities), ships (winds, temperatures, and sea level pressures), commercial aircraft (flight level winds), and a variety of other measurements. The resulting gridded fields are produced in real time for operational use and retrospectively (i.e., reanalyzed) for research use. The ECMWF reanalysis is referred to as the ERA, and the particular version of it that was used in this study is referred to as the "ERA-Interim. " For further details, the reader is referred to [Dee et al., 2011] .
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for each pressure level, where i = 00, 06, 12, and 18, is longitude, is latitude, and t is time. Overbars denote time means, and primes denote departures from them. The reference time (t = 0) is defined as 7:09 A.M. UTC 13 January 1979, so that the cosine series reaches its maxima at the times of the full and new Moon and its minima at the times of the half Moon. A similar approach was used by Brownscombe and Schlapp [1983] , who regressed one time daily data in local regions onto a sine wave.
Next, we calculated the differences between the regression maps with opposing phases,Ã = (A 00 − A 06 + A 12 − A 18 )∕4 andB = (B 00 − B 06 + B 12 − B 18 )∕4. This subtraction operation removes most of the sampling variability in the regression maps associated with atmospheric fluctuations with time scales longer than a day. Figure 1 showsÃ andB at the 1000 hPa level, both of which exhibit a nearly equatorially symmetric pattern that is dominated by zonal wave number 2 and consistent with tidal theory: the Greenwich Meridian experiences maximum Z (and surface pressure) around 00 and 12 UTC on days of the full and new Moon, when the Moon is nearly overhead or nearly on the opposite side of the Earth. Consistent with results of Haurwitz and Cowley [1969] , the features in the pattern exhibit a slight southwest to northeast tilt, such that the phase of L2 is advanced slightly in the Southern Hemisphere relative to that at the same longitude in the Northern Hemisphere. The pattern of L2-related Z perturbations observed at a given hour of the day propagates eastward from 1 day to the next, consistent with the Moon's eastward revolution around the Earth. Figure 2 shows the annual mean amplitude maps The five tropical local maxima bear some resemblance to the planetary-scale features in the M2 constituent of the lunar oceanic tide shown in Figure 2 (bottom). The regional maxima over the Gulf of Alaska and to the west of the British Isles in the 1000 hPa pattern also overlie local maxima in M2 tidal amplitude. The mean 1000 hPa L2 tidal amplitude averaged over the tropics (30
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• N: 0.5 m) is also comparable to the mean tidal amplitude of the M2 oceanic tide in that belt. These correspondences suggest that the zonally varying structures in Figure 2 could be due to the lifting of the atmosphere by the M2 oceanic tide.
It is also notable that their distinctive zonal wave number 5 pattern in the L2 atmospheric tide can be reconstructed by partitioning the patterns forÃ andB shown in Figure 1 into contributions from individual zonal wave numbers using harmonic analysis, and calculating performing the same procedure as described in section 2. The annual mean L2 amplitude exhibits a Gaussian-like meridional profile with a maximum centered at 4.5
• S, in agreement with Chapman and
Westfold [1956] . At 1000 hPa the amplitude is largest in the J season, consistent with previous studies [e.g., Haurwitz and Cowley, 1969] , whereas at the 1 hPa level the amplitude is largest in the D season. At 1000 hPa the peak amplitudes remain centered over the equator year-round, whereas at 1 hPa they tend to shift seasonally toward the winter hemisphere.
As shown in Figures S3 and S4 in the supporting information, we also obtain a clear zonal wave number 5 pattern for the two Lloyd seasons. Therefore, the wave number 5 structure cannot be a response to the atmospheric climatological mean stationary waves, which change with the seasons. This evidence also supports the notion that the zonal variations in L2 amplitude are related to the oceanic tide.
The Vertical Profile of L2(Z) Amplitude and Phase
We further explore the vertical structure of L2 by calculating, at each pressure level, the average of √Ã 2 +B 2 in the tropics, area-weighted within 30
• N, and the area-weighted average of phase lag relative to local mean lunar time given by Δ ( , , p) ≡ 24 lunar hours 4
where the operator "≡" means assigning the value with smallest absolute value of the right-hand side when dealing with multivaluedness. Minus signs are inserted in the arctangent formula and in front of 2 because we expect the tidal signal to propagate westward on a particular day. The 24 lunar hour cycle corresponds to approximately 24 h 50 min in solar time. At all levels amplitude increases with height. The increase is barely discernible in the 1000-100 hPa (0-17 km) layer, but from 100 hPa (17 km) to 1 hPa (50 km), L2(Z) amplitude increases by about an order of magnitude. For reference, in Figure 3 (left), we also show the vertical profile of solar semidiurnal tidal (S2) amplitude. In agreement with previous studies, the S2:L2 amplitude ratio is ∼20:1 at the Earth's surface. The corresponding ratio at the 1 hPa (50 km) level is ∼3:1. The vertical profile of S2 amplitude also exhibits a sharp break near the 100 hPa level. level is 46 lunar minutes. Because the global map of Δ exhibits weak regional-scale features including northward phase propagation, we should regard Figure 4 (right column) as representing the tropical-average behavior at each pressure level.
In contrast to L2, S2 exhibits upward phase propagation. The difference is due to the differing levels of the energy sources, along with the fact that upward (downward) energy dispersion implies downward (upward) phase propagation in a vertically propagating gravity wave. L2 is a purely gravitational tide for which the forcing is strongest at the Earth's surface where the rising sea level forces the atmosphere, so tidal energy disperses upward and phase propagates downward. In contrast, S2, which is forced mainly by the heating of stratospheric ozone, exhibits downward energy dispersion and upward phase propagation. These distinctions between gravitationally and thermally forced tides are clearly explained in the discussion of tidal theory in Lindzen and Chapman [1969] .
Monthly Time Series of Tidal Amplitude
The foregoing results are derived from the differenced regression mapsÃ andB based on an analysis of the entire 33 year data set. In this subsection, we explore the feasibility of constructing time series of L2 and S2 amplitude with monthly resolution. In samples based on only a single month's data, the patterns ofÃ and B are much noisier than the patterns shown in Figure 1 . To enhance the L2 and S2 signals, we extract the zonal wave number 2 component using harmonic analysis and compute amplitudes and phases based on meridional (30
• N) averages of the wave number 2 component. In addition, we enhance the tropospheric tidal signal by using the "barotropic component" of Z (hereafter bZ) time series formed by taking the pressure-weighted average of Z from 1000 hPa to 100 hPa. Figure 4 (left column) shows the monthly time series of L2 amplitude at 1 hPa and for bZ. Both the L2 amplitude and phase (not shown) time series exhibit a well-defined seasonal dependence year after year, throughout the entire 33 year record. Consistent with Figure 2 , the maximum is observed in the J season in the troposphere and the D season at 1 hPa. The bZ time series exhibits a slight trend toward higher amplitudes, which is also discernible in the yearly amplitude maps shown in Figure S2 . It is not clear whether this tendency is real or whether it is an artifact of the evolution of the global observing system.
The prominence of the L2 seasonality in Figure 4 suggests that it might also be possible to identify nonseasonal variations in L2 amplitude and phase, which are of theoretical interest in their own right and could be used to provide time-varying lower boundary conditions for GCM simulations of the upper atmosphere for use of the aeronomy community. Monthly amplitudes and phases of L2 at 1 hPa (50 km) and for the barotropic component are provided in a data set "Data Set S1" (supporting information). It is notable that the time series of S2 (Figure 4 (right column)), generated in the same manner, does not exhibit as well-defined seasonality as L2.
Summary and Discussion
We have shown that the lunar tide L2 is clearly evident in the ERA-Interim reanalysis. The distinctive low-latitude zonal wave number 2 signature in Z is consistent with tidal theory and, to the extent that they can be compared, with station pressure data in terms of amplitude, seasonal dependence, and phase. The geographical distribution of amplitude is highly coherent in the vertical from the surface all the way up to the 1 hPa level. In the 1000-100 hPa layer, the tidal signal is nearly barotropic. Above the 100 hPa level, amplitude increases quasi-exponentially with height and phase propagates downward, consistent with the structure of a vertically propagating gravity wave forced from below. S2 exhibits a qualitatively similar amplitude profile. It is ∼20 times stronger than L2 at the Earth surface, and its phase propagation is upward rather than downward, in agreement with tidal theory.
The methodology described in section 2 yields a remarkably clear representation of the lunar tidal signal, even in the presence of weather noise. The L2 signal can be enhanced even further by vertically averaging from the surface to the 100 hPa (17 km) level to obtain what we refer to as the "barotropic component (bZ)" and by extracting the zonal wave number 2 component using harmonic analysis (thereby sacrificing information on the zonally varying L2 structure described in Figure 2 ). Using this analysis protocol we obtained the monthly time series of L2(Z) amplitude shown in Figure 4 , in which the same seasonality is clearly apparent year after year. The remarkable regularity of these time series suggests that sample sizes as small as a month or two or the equivalent number of nonsequential days may be sufficient for estimating L2(Z) amplitude and phase for applications such as exploring the response of L2 to the El Niño-Southern Oscillation phenomenon, the Madden-Julian Oscillation, or stratospheric sudden warmings. In the supporting information, we have provided a 33 year record of monthly values of L2 amplitude and phase.
Given that the L2 amplitudes ( Figure 4 ) and phases (not shown) are reproducible in subsets of the ERA-Interim data for an individual year/months, the statistical significance of results shown in Figures 1-3 , which are based on the entire 396 month data set (132 months for the seasonal profiles in Figure 2 ) is beyond question. Furthermore, if our results were unduly influenced by sampling noise, it is not clear why the L2 signals in Figures 1 and 3 should exhibit such well-defined zonal wave number 2 patterns whose amplitudes and phases are in agreement with tidal theory and with previous observational studies based on station data.
